INTRODUCTION
Our interest in uranyl molybdates arises from their mineralogical and environmental importance. Uranyl molybdate minerals occur in the oxidized portions of U-Mo deposits in the U.S. and the Russian Federation (Finch & Murakami 1999) and are components of mine and mill tailings that are the result of resource utilization. Uranyl molybdates may also be significant in a geological repository for nuclear waste, because Mo is a relatively abundant nuclear-fission product in spent nuclear fuel. In laboratory experiments designed to simulate conditions relevant to those expected in the proposed nuclear-waste repository at Yucca Mountain, Nevada, the compound (Cs 2x Ba 1-x ) [(UO 2 ) 5 (MoO 6 ) (OH) 6 ]•nH 2 O (x ≈ 0.4, n ≈ 6) has been identified as an alteration product of spent nuclear fuel during corrosion in water at 90°C (Buck et al. 1997 , Finch & Buck 1998 , Finch et al. 1999 . As part of our continuing work on uranyl molybdates (Krivovichev & Burns 2000a , b, 2001a , we report the synthesis and crystal-structure determination for two alkali uranyl dimolybdates, both of which have structural sheets with the composition [(UO 2 )(MoO 4 ) 2 ], but with different sheet-topologies.
PREVIOUS STUDIES OF RELATED URANYL MOLYBDATES
Compounds containing uranyl dimolybdate sheets, [(UO 2 )(MoO 4 ) 2 ], have been the subject of several studies. Krasovskaya et al. (1981) reported syntheses of anhydrous uranyl molybdates with the general formula M 2 [(UO 2 )(MoO 4 ) 2 ] (M = K, Rb, Cs), and Dion & Noël (1981) discovered the compound Na 2 [(UO 2 )(MoO 4 ) 2 ] in the system UO 2 MoO 4 -Na 2 MoO 4 . Sadikov et al. (1988) reported the crystal structure of K 2 [(UO 2 ) (MoO 4 ) 2 ], and Tatarinova et al. (1991) Fedoseev et al. (2001) , and structures of compounds with M = Cs, NH 4 , Rb were reported by Rastsvetaeva et al. (1999) , Andreev et al. (2001) and Khrustalev et al. (2000) , respectively.
EXPERIMENTAL

Synthesis of Na 2 [(UO 2 )(MoO 4 ) 2 ]
Crystals of Na 2 [(UO 2 )(MoO 4 ) 2 ] were obtained by high-temperature solid-state reaction. A mixture of Na 2 CO 3 , MoO 3 and UO 3 with the Na:U:Mo molar ratio 2:1:2 was placed in an alumina crucible and heated to 850°C, followed by cooling to 650°C over 5 hours, and then to 50°C over 100 hours. The product contained greenish yellow transparent tablets of Na 2 [(UO 2 ) (MoO 4 ) 2 ] as much as 1.5 mm in diameter and 0.2 mm thick.
Synthesis of K 2 [(UO 2 )(MoO 4 ) 2 ](H 2 O)
Potassium (as KCl) was added to an aqueous solution that contained equal molar proportions of U (as uranyl acetate hexahydrate) and Mo (as MoO 3 ) in deionized water, to give a solution composition of approximately 10 -3.5 M U and Mo and 10 -1 M K. This solution was put into a covered stainless-steel vessel, placed into a 150°C oven, and allowed to evaporate. After two hours, the vessel was removed and abundant translucent yellow, tabular to blocky crystals of K 2 [(UO 2 )(MoO 4 ) 2 ] (H 2 O) were recovered, along with an unidentified white K-rich powder that is readily soluble in deionized water.
Single-crystal X-ray diffraction
Crystals selected for data collection were mounted on a Bruker three-circle diffractometer equipped with a SMART CCD (charge-coupled device) detector with a crystal-to-detector distance of 5 cm. Data were collected using monochromated MoK␣ X-radiation and frame widths of 0.3° in . Unit-cell dimensions (Table 1) were refined from 3351 and 3323 reflections for Na 2 [(UO 2 ) (MoO 4 ) 2 ] and K 2 [(UO 2 )(MoO 4 ) 2 ](H 2 O), respectively, using least-squares techniques. More than a hemisphere of data was collected for each crystal, and three-dimensional data were reduced and filtered for statistical outliers using the Bruker program SAINT. Data were corrected for Lorentz, polarization and background effects. A semi-empirical absorption correction of data for Na 2 [(UO 2 )(MoO 4 ) 2 ] was done by modeling the crystal as a {010} plate, which lowered R int for 2310 intense reflections from 22.0 to 7.3%. A semi-empirical absorption correction of data for K 2 [(UO 2 )(MoO 4 ) 2 ](H 2 O) was done by modeling the crystal as a {100} plate, which reduced R int for 2131 intense reflections from 13.3 to 4.9%. In each case, reflections with a plate-glancing angle of 3° or less were discarded. Additional information pertinent to data collections on both crystals is given in Table 1 .
Scattering curves for neutral atoms, together with anomalous-dispersion corrections, were taken from International Tables for X-Ray Crystallography, Vol. IV (Ibers & Hamilton 1974) . The Bruker SHELXTL Version 5 system of programs was used for structure determination and refinement. The positions of U and Mo atoms in both structures were determined by direct methods, and anion positions were located from difference-Fourier maps that were calculated after leastsquares refinement of partial-structure models. Each structure was refined on the basis of F 2 for all unique reflections. Both final refinements included positional parameters of all atoms, with allowance for their anisotropic displacement, and a weighting scheme for structure factors. Tables 4 and 5 , respectively. Observed and calculated structure-factors for both compounds are available from the Depository of Unpublished Data, CISTI, National Research Council, Ottawa, Ontario K1A 0S2, Canada. 2+ uranyl ion (Ur). All uranyl ions are coordinated by five anions located at the equatorial positions of pentagonal bipyramids. There are two symmetrically distinct Mo 6+ cations in both structures. Each is tetrahedrally coordinated by four O atoms, which is typical for synthetic uranyl molybdates (e.g., Krivovichev & Burns 2001a, b) .
RESULTS
Cation polyhedra
There are two symmetrically independent Na cations in the structure of Na 2 [(UO 2 )(MoO 4 ) 2 ]. The Na(1) cation is coordinated by six atoms of O in a distorted octahedral arrangement, whereas Na(2) is coordinated by five O atoms located at the vertices of a tetragonal pyramid. Mean bond-lengths are 2.49 and 2.44 Å for the Na(1) and Na(2) polyhedra, respectively.
There are two symmetrically independent K atoms in the structure of K 2 [(UO 2 )(MoO 4 ) 2 ](H 2 O). K(1) and K(2) are coordinated by nine and seven anions, respectively, with mean polyhedron bond-lengths of 3.07 and 2.95 Å for K(1) and K(2), respectively. (Figs. 1a, b) . Although the composition of the structural sheet in both compounds is [(UO 2 ) hydrogen bonds donated by the two H atoms of the H 2 O(11) group; however, we cannot discern which two. All three O atoms are equally underbonded according to our bond-valence analysis (Table 7) , but all three are also closely bonded to Mo 6+ ions (Table 5 ). The proposed hydrogen-bonding scheme in K 2 [(UO 2 )(MoO 4 ) 2 ] (H 2 O), showing all three possible H bonds, is illustrated in Figure 3b . Finally, the fact that no uranyl O atoms participate in the network of H bonds makes K 2 [(UO 2 ) (MoO 4 ) 2 ](H 2 O) unusual among hydrous uranyl compounds (Finch 1997 Krasovskaya et al. (1980) , has two polymorphs (Misra et al. 1995) . To our knowledge, however, none of these compounds has been structurally characterized.
Bond-valence analysis
Our experience as well as literature descriptions indicate that uranyl dimolybdate sheets can form relatively easily, even under ambient near-surface conditions. It therefore seems reasonable to expect uranyl dimolybdates with [(UO 2 )(MoO 4 ) 2 ] sheets to form in geological repositories for spent nuclear fuel.
(MoO 4 ) 2 ], the topologies of the sheets are different. The structural sheets are illustrated in Figure 1 as polyhedral representations (Figs. 1a, b) , and graphical representations where each vertex corresponds to a coordination polyhedron (Figs. 1c, d ). Sheet anion-topologies, obtained following the procedure suggested by Burns et al. (1996) , are shown in Figures 1e and f. Both sheets involve UrO 5 bipyramids that are 5-connected; each equatorial oxygen is shared with a MoO 4 tetrahedron. The MoO 4 tetrahedra are 2-and 3-connected to (UrO 5 ) bipyramids, with a ratio of 1:1, in both sheets. Although the local topological structure (nearest-neighbor polyhedra) is identical in these sheets, the arrangement of the next-nearest neighbor polyhedra is distinct.
The sheet anion-topology of Na 2 [(UO 2 )(MoO 4 ) 2 ] has not previously been described. It contains hexagons, pentagons, squares and triangles (Fig. 1e) . Pentagons and hexagons share edges, forming chains that extend along [100] that are two polygons wide. Chains of hexagons and pentagons are separated by chains of alternating squares and triangles that share edges. Identical chains of triangles and squares occur in the uranophane and phosphuranylite anion-topologies (Burns et al. 1996) . The structural sheet in Na 2 [(UO 2 )(MoO 4 ) 2 ] is derived from the anion topology shown in Figure 1e by populating each pentagon with a uranyl ion, thereby producing the uranyl pentagonal bipyramids. Chains of triangles and squares are populated by MoO 4 tetrahedra, with each triangle in the chain corresponding to one face of a tetrahedron. Additional MoO 4 tetrahedra occur in the sheet, with their edges corresponding to shared edges between hexagons in the anion topology.
The sheet anion-topology in K 2 [(UO 2 )(MoO 4 ) 2 ] (H 2 O) (Fig. 1f) has already been described by Burns et al. (1996) . In addition to triangles, squares and pentagons, this anion topology also contains an eight-sided polygon. The sheet is derived from the anion topology by populating each pentagon with a uranyl ion, and each triangle with a MoO 4 tetrahedron, such that triangles correspond to faces of tetrahedra. Additional MoO 4 tetrahedra are inserted such that an edge of a tetrahedron connects adjacent UrO 5 pentagonal bipyramids.
Structure connectivities
The [(UO 2 )(MoO 4 ) 2 ] sheets in Na 2 [(UO 2 )(MoO 4 ) 2 ] are linked through Na + cations located between the structural sheets (Fig. 2) . Uranyl molybdate sheets in K 2 [(UO 2 )(MoO 4 ) 2 ](H 2 O) are linked through K + cations, with hydrogen bonding involving the H 2 O(11) group providing additional linkage (Fig. 3a) . As is common in analyses of the structures of H-bearing uranium compounds, we were unable to locate the positions of the two H atoms in the structure of K 2 [(UO 2 )(MoO 4 ) 2 ] (H 2 O). The O atom of the H 2 O(11) group is close to three O atoms, O(10), O(7) and O(9), which occur 2.73, 3.03 and 3.09 Å, respectively, from H 2 O(11) ( Burns et al. (1996) are shown in e and f, respectively.
